Abstract. Fluxes of galactic cosmic rays (GCR) observed at 1 AU are modulated inside the heliosphere at different time scales. Here we study the properties of the power spectral density (PSD) of galactic cosmic ray variability using hourly data from 31 neutron monitors (NM) from 1953 to 2016. We pay particular attention to the reliability of the used datasets and methods. We present the overall PSD and discuss different parts of the spectrum and the related periodicities. We find significant spectral peaks at the periods of 11 years, 1.75 years, 155 days, 27 days and 24 hours and the harmonics of the latter two peaks. We calculate a power law slope of −1.79 ± 0.13 for the period range between 50 and 130 hours and a slope of −1.34 ± 0.17 for the period range between 40 days and 3.4 years (1 000 − 30 000 h).
Introduction
The flux of galactic cosmic rays in the heliosphere is modulated by solar activity and, especially, by the changes in the heliospheric magnetic field (HMF). Irregularities in the HMF scatter cosmic ray particles, which is seen as a reduced intensity of GCR observed at Earth. These changes are monitored by the NMs which measure the secondary nucleons generated by the interaction of GCR with the Earth's atmosphere.
A common way to study the temporal variability and possible periodicities of a measured quantity is to examine its power spectral density (PSD), which shows the amount of power distributed at different frequencies. In addition to spectral peaks generated by systematic periodicities, the PSD typically exhibits a continuous power law behaviour which can be associated with turbulence, self-organized criticality and/or stochastic processes.
In this study we compute the PSDs of NM data using multiple NM stations. These PSDs are then analysed for different periodicities and power law behaviour.
Data, methods and parameters
We use NM data from 31 globally distributed stations listed in Figure 1 spanning the years 1953-2016, which correspond to roughly six solar cycles. Principles of the NM as a cosmic ray detector can be found elsewhere (e.g., Moraal et al. 2000; Simpson 2000; Usoskin et al. 2005) . The full list of NMs and their operation periods is available at http://cidas.isee.nagoya-u.ac.jp/WDCCR/datacoverage num.html.
Data were mostly obtained through the IZMIRAN data site at http://cr0.izmiran. ru/common/links.htm, which contains full-length datasets of NM data for most stations, containing also data from closed stations. Outliers, discontinuities and GLE events were removed using a median filter and visually examining the data. The median NM All the used datasets are linearly interpolated, detrended and standardized before calculating the PSD. For the PSD calculation we used the FFT with Welch method of averaging periodograms. This is a good PSD estimation method for data that includes data gaps (Munteanu et al. 2016) . FFT transform of the signal is also computationally very fast. In the Welch method, the time series is first split into multiple, partly overlapping segments, and FFT and PSD are calculated for each segment. Then the segment PSDs are finally averaged to obtain a PSD with reduced noise. However, this process loses information at the low frequencies of the signal, depending on the used segment length. In this study we calculate two PSDs using segment lengths of 25 % and 1 % of the total length of 63 years, which correspond to 16 years and 230 days of measurements, respectively. The longer segment length allows us to include the solar cycle periodicity in our PSD, and the shorter segment length allows us to study the higher frequency periodicities in more detail. For both cases the overlap of two successive segments is 95 %. For the 25 % segment length we do not use a window function and for the 1 % segment length we use a Hanning window. Figure 2 shows the median PSD and the PSDs of the individual stations calculated for the whole time series using the 25 % segment length. Two stations (SwarthmoreNewark and Haleakala(18NM64)) had less than 16 years of measurements, so their data was not used. We calculated the PSD for all other NMs separately and took the median of the 29 PSDs at each frequency. The frequencies are transformed into periods for easier identification.
PSD analysis
The highest PSD peak is observed at the 11-year mark, which corresponds to the solar cycle. The solar cycle is the most prominent driver of change in the space conditions (space climate), and many other solar periodicities are caused or influenced by it.
A midterm quasiperiodicity is observed at around 1.75 years, identified earlier in some other studies on cosmic ray data (Valdés-Galicia et al. 1996) , as well as in solar wind speed and geomagnetic activity (Mursula et al. 2003) .
The Rieger periodicity, which has been suggested to be connected to the Rossby waves in the tachocline (Zaqarashvili et al. 2010 ) is observed at around 155 days. A weak second harmonic at 77 days is also visible.
Another solar activity related peak is at the 27-day period of solar rotation (see, e.g., Gil and Mursula, 2017 , and references therein). Differential rotation and the evolution of active regions and coronal holes on the solar surface cause the 27-day peak to be wide. The 13.5-day second harmonic of the solar rotation can also be clearly observed, and, less clearly, also the 9-day third harmonic. The diurnal variation, which is stronger than the solar rotation period, is seen at the 24-hour mark. The 2nd and 3rd harmonics at 12 and 8 hours are also clearly noticeable. All the identified main peaks are significant at the confidence level better than 95%, determined by comparing the lower 95 % confidence bound of the peak PSD value to the upper confidence bound value of points before and after the peak.
At time scales less than 10 hours we can observe the PSD flatten to white noise. Figure 2 also outlines the time scales between 50 and 130 hours which exhibits a range of periods least affected by power peaks and a clear power-law behaviour. This part of the spectrum is between the harmonics of the 27-day peak and the diurnal peak. The power of this period was earlier studied, e.g., by Kudela et al. (1991) . We calculate the PSD slope for each monitor and obtain a mean slope of −1.79 and the standard deviation of ±0.13 from the individual slopes. At the low frequency part of the spectrum between 1000 and 30000 hours we calculate a slope of −1.34 with a standard deviation of ±0.17, which indicates a spectral break around the solar rotation period. This lower frequency part of the spectrum is, however, affected by spectral peaks. Figure 3 gives a closer look at the high-frequency part of the power spectrum. Using a segment of 1 % of the total time, we obtain an smoother spectrum than in Figure 2 . All the 31 NMs are now used. The spectrum is quite smooth below the 200-hour mark, but small peaks at the fourth and fifth harmonics of solar rotation period at 164 and 132 hours are the reason why 130 hours is used here as the lower cut-off frequency for this part. At the higher frequency end of this part we observe an increase of the spectrum towards the diurnal peak, which sets the selected 50 hours as the higher frequency cutoff for this part. For this PSD between 50 and 130 hours we calculate a mean slope of −1.79 ± 014.
Conclusions
We have calculated the power spectral densities of neutron monitor counts from 31 stations that span the years 1953-2016. Two power spectral densities were calculated, one covering all periods up to 16 years, the other for high frequencies above one year.
The strongest peaks in the power spectral densities are the 11-year, 1.75-year, 155-day, 27-day and 24-hour peaks. The second and third harmonics of 27-day and the 24-hour periodicities are also clearly present in the spectrum. The most clear power-law is at frequencies corresponding to time scales between 50 and 130 hours, where the slope was 86 P. Väisänen, I. Usoskin & K. Mursula −1.79 ± 0.13. At lower frequencies between 1 000 and 30 000 hours (about 40 days to 3.4 years) we observe a slope of around −1.34 ± 0.17, which indicates a spectral break around the solar rotation period.
